Introduction
============

Hand, foot, and mouth disease (HFMD) is an infectious disease, which is mainly induced by coxsackievirus A16 (CVA16) and enterovirus 71 (EV71), and commonly occurs in children \<5 years old ([@b1-etm-0-0-4104],[@b2-etm-0-0-4104]). Wang *et al* ([@b3-etm-0-0-4104]) indicated that cytokines are the mediators of the severe systemic inflammatory response associated with EV71-induced pulmonary edema (PE). Several cases with HFMD are mild and reversible, while other cases exhibit rapid progression to neurogenic PE ([@b4-etm-0-0-4104]). PE is associated with a high early mortality rate of 30--40% ([@b5-etm-0-0-4104]). In the past three decades, Asian countries have experienced several widespread and severe outbreaks of HFMD with deaths predominantly occurring among children ([@b6-etm-0-0-4104]). At present, there are no satisfactory treatments for EV71-induced PE. Thus, more effective pharmacological strategies are urgently required to treat the neurological complications of this potentially fatal viral infection.

The underlying mechanisms of PE have been not completely elucidated due to its complex etiology. However, activation of the sympathetic nervous system, particularly the massive stimulation of α-adrenoceptors following the discharge of catecholamines in response to endothelin receptor activation in the central nervous system, is considered to be the major factor resulting in cardiopulmonary dysfunction ([@b7-etm-0-0-4104]--[@b9-etm-0-0-4104]). Thus, blocking the activation of α-adrenergic receptors is crucial for alleviating the symptoms of PE. Phentolamine is a reversible and nonselective α-adrenergic antagonist ([@b10-etm-0-0-4104]). Krishnamoorthy and Weinberg ([@b11-etm-0-0-4104]) have indicated that phentolamine can attenuate or completely prevent epinephrine infusion-induced catecholamine release. Moreover, phentolamine has been indicated to competitively block α-adrenergic receptors and decrease hypertension by antagonism of the catecholamines epinephrine and norepinephrine to further improve the cardiopulmonary function in patients with PE ([@b12-etm-0-0-4104]). These results are encouraging but not definitive since additional mechanisms may be involved. A former study has demonstrated that phentolamine only partly protects lung function, indicating that other mediators discharged during sympathetic activation might play important roles in increasing the permeability of the lung ([@b13-etm-0-0-4104]). Due to the lack of clarity of these results, the present study aimed to provide clarification.

Therefore, the present study tested the assumption that phentolamine alleviates the symptoms of HFMD combined with PE by attenuating the associated changes in cardiopulmonary function. In this study, preliminary evidence that phentolamine reduces mortality and relieves the symptoms of EV71-induced PE is provided. The favorable therapeutic outcome supports the potential of phentolamine as a candidate therapeutic agent for HFMD with PE. However, this requires evaluation in prospective clinical studies.

Materials and methods
=====================

### Study design and ethics statements

This was a single center, open-label, randomized trial. The study was approved by and implemented under the guidelines of the ethics committees of Cangzhou Central Hospital (Cangzhou, China) as well as institutional review boards of Cangzhou Central Hospital. Randomization was conducted using a random digital table by assigning odd numbers to the phentolamine treatment group and even numbers to the control group. The investigators did not obtain prior notice of which participants were assigned to take either treatment. The next of kin of the children involved in this trial signed and provided written informed consent on the children\'s behalf prior to participating in the study.

### Patients

Children in Cangzhou Central Hospital were recruited from May 2008 to December 2012. Eligible patients were required to have a clinical diagnosis with severe HFMD combined with PE based on the diagnosis and treatment guidelines for HFMD (2010) issued by the Ministry of Health of China ([@b14-etm-0-0-4104]). Children were excluded when they exhibited complications including chronic hepatitis, epilepsy, congenital heart disease, nephritis and serious metabolic or hematological diseases. Further exclusion criteria included chronic diarrhea, a history of allergy to the study drugs and participation in other clinical trials.

### Intervention

All patients were treated with ventilation support using high levels of positive end expiratory pressure (5--15 cm H~2~O), as well as intravenous γ-globulin at a dose of 1 g/kg/day for two days (Shandong Taibang Biological Products Co., Ltd., Taibang, China). In-patient children received methyl prednisolone at a dose of 3--5 mg/kg/time once daily for five consecutive days (Pfizer, Inc., New York, NY, USA). Furthermore, all patients were treated with mannitol to reduce intracranial pressure. Mannitol was administered at a dose of 0.5--1 g/kg/time six times daily for seven consecutive days (Shandong Qidu Pharmaceutical Co., Ltd., Zibo, China). Concurrently, in the phentolamine treatment group, a phentolamine infusion (10 mg/ml; Shanghai Xudong Haipu Pharmaceutical Co., Ltd., Shanghai, China) was initiated at a dosage of 3 µg/kg/min and titrated for the control of stress ulcer-related gastrointestinal bleeding during the physiological stress of HFMD. Additionally, phentolamine was administered intravenously to control the indices of blood pressure, heart rate and blood gas at a loading dose of 5 µg/kg/min. When the indicators of blood pressure, heart rate and blood gas stabilized, phentolamine administration was gradually decreased and then stopped within 24 h. The dosage was adjusted from high to low as necessary to stabilize the vital signs. Therapy was continued for 3--5 days. Patients in the phentolamine treatment and control groups were followed up for 6 months.

### Pathogen detection

Samples obtained from the stool, throat or cerebrospinal fluid were immediately sent to the laboratory of the Chinese Center for Disease Control and Prevention (Beijing, China) to confirm the association of EV71 infection with the illness by means of reverse transcription-polymerase chain reaction (RT-PCR).

Total viral RNA was isolated from the samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Prior to RT-PCR, RNA samples were treated with DNase (Thermo Fisher Scientific Inc.). RT-PCR amplification was conducted using the following protocol: 10 µl 10X PCR buffer (Thermo Fisher Scientific, Inc.), 3 µl upstream primer, 3 µl downstream primer and 8 µl dNTPs (Thermo Fisher Scientific, Inc.), 1 µl MgCl2 50 mM (Thermo Fisher Scientific, Inc.), 1 µl Taq DNA polymerase (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany).

VP1-specific cDNA was synthesized and was used as a template for EV71 viral mRNA amplification using primers (EV2449-EV2780) with the sequences: Forward, 5′-GGAGATAGGGTRGCAGATGTAAT-3′ and reverse, 5′-ATTTCCCAAGAGTAGTGATCGC-3′. β-actin was used as reference gene. For β-actin, forward: 5′-CTCCATCCTGGCCTCGCTGT-3′ and reverse, 5′-GCTGTCACCTTCACCGTTCC-5′. The amplification reactions were as follows: Initial denaturation at 95°C for 5 mins, followed by 15 cycles comprising denaturation at 95°C for 35 sec, annealing at 50°C for 16 sec and extension at 72°C for 35 sec, followed by 40 cycles consisting of denaturation at 95°C for 35 sec, annealing at 48°C for 16 sec and extension at 72°C for 35 sec, and final extension at 72°C for 10 min. Subsequently, RT-PCR-positive samples were confirmed by sequence analysis within the VP-1 region of EV71 using BigDye v3.0 Sequencing kits (Thermo Fisher Scientific, Inc.) as well as an ABI 3730 automated sequencer (Applied Biosystems; Thermo Fisher Scientific, Inc.).

### Outcomes

Venous blood samples were collected from all patients who were treated by ventilation support for 6 and 72 h. These blood samples were used to measure the levels of creatine kinase (CK), CK-MB and cardiac troponin I (cTnI). The investigator recorded results for CK, CK-MB and cTnI, in the two groups. In addition, heart rate and systolic blood pressure (SBP) in the two groups were recorded every 6 h, until these indexes dropped to the normal level. Moreover, the ventilation time and the duration of hospitalization in these two groups were collected. In addition, the investigator used a standard adverse-event case report form to gather information about adverse events if they occurred. The investigator also assessed whether or not the side events were associated with the drug.

### Statistical analysis

SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) was utilized for all statistical analyses. All results are expressed as the means ± standard deviations. All categorical variables were compared using a paired Student\'s t-test. Continuous variables were compared by means of an unpaired Student\'s t-test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Subject characteristics

Between May 2008 and December 2012, a total of 106 subjects were enrolled in this trial. However, one of these participants was excluded due to a congenital ventricular septal defect. Thus, a total of 105 patients were eligible and participated in the treatment, as shown in [Fig. 1](#f1-etm-0-0-4104){ref-type="fig"}.

The baseline characteristics of the phentolamine and control groups were similar. Of the 105 patients, 53 were assigned to the phentolamine treatment group while 52 served as controls. Among the 53 patients of the phentolamine treatment group, 32 (60.4%) were male and 21 (39.6%) were female. The median age of the patients at disease onset was 1.6±0.8 years, and 52 (98%) patients were \<3 years of age at the time of the study. Moreover, in the control group, 30 (57.7%) were male and 22 (42.3%) were female. The median age was 1.5±0.7 years, and 50 (96%) patients were \<3 years of age. No significant differences were observed in gender, age and clinical disease degree between the two groups.

In addition, a total of 48 (91%) and 51 (98%) subjects tested positive for EV71 by RT-PCR and were confirmed to be acutely infected with EV71 in the phentolamine treatment and control groups, respectively.

### Clinical outcomes

The phentolamine-treated patients exhibited significantly lower CK, CK-MB and cTnI levels, heart rate and SBP than did the control patients (P=0.004, 0.008, 0, 0.002 and 0.005 for each parameter, respectively), as depicted in [Table I](#tI-etm-0-0-4104){ref-type="table"}.

The key events during the period of hospitalization are summarized in [Table II](#tII-etm-0-0-4104){ref-type="table"}. The average durations of ventilator dependence and hospital time were shorter (3.41±1.72 vs. 4.95±2.16 days; 15.52±3.51 vs. 18.51±8.56 days, respectively) in the phentolamine treatment group than in the control group. Significant differences were observed between the groups in requirement for mechanical ventilation and the duration of hospitalization (P=0.004 and 0.002 for ventilation application time and the duration of hospitalization, respectively).

### Safety

It was found that the overall mortality rate was lower in the phentolamine group (3 mortalities, 5.8%) than in the control group (6 mortalities, 11.5%). All other patients survived the 6-month follow-up. Other than these mortalities, no adverse events were observed in either group.

Discussion
==========

The attributes of EV71-induced HFMD with central nervous system involvement are brain-stem encephalitis complicated by PE as well as a high mortality rate ([@b15-etm-0-0-4104]). There is no available antiviral treatment for EV71-induced disorders. We suggest that a more favorable outcome might result from blocking the stimulation of α-adrenergic receptors to alleviate the symptoms of PE. Phentolamine, a reversible and nonselective α-adrenergic antagonist, is recommended as an appropriate treatment to attenuate the vasoconstricting effects of excess catecholamine secretion ([@b16-etm-0-0-4104]). The present trial was designed to investigate the potential effects of phentolamine on severe HFMD combined with PE. The results indicate that phentolamine markedly decreased the mortality rate, and improved the cardiopulmonary functions in patients with this disorder.

Phentolamine has been utilized for the treatment of patients with PE ([@b11-etm-0-0-4104]). Phentolamine has been reported to induce relative hemodynamic stability ([@b17-etm-0-0-4104],[@b18-etm-0-0-4104]). Usually, the administration of α-adrenergic blockers reduces and stabilizes blood pressure and heart rate by reducing circulating catecholamine levels and increasing intravascular volume ([@b19-etm-0-0-4104],[@b20-etm-0-0-4104]). Furthermore, α-adrenergic blockers have inotropic and vasodilatory properties ([@b21-etm-0-0-4104]). In the present trial, it was demonstrated that phentolamine treatment significantly reduced the mortality rate, the average duration of ventilator dependence and duration of hospitalization, CK, CK-MB and cTnI levels, heart rate and SBP. Furthermore, a low incidence of side events in the phentolamine treatment group suggested that this drug may be a well-tolerated and safe therapy for children with HFMD plus PE.

The potential action mechanisms of phentolamine appear to be multifactorial. Firstly, EV71 may cause multiple organ damage ([@b22-etm-0-0-4104]). A previous study has indicated that phentolamine competitively blocks postsynaptic (α-1) and presynaptic (α-2) adrenergic receptors, thereby causing vasodilation and a reduction in peripheral resistance ([@b23-etm-0-0-4104]). Pharmacological effects of α-blockers also include relaxation of vascular smooth muscle, and antihypertensive effects, via antagonism of the catecholamines epinephrine and norepinephrine, to further improve the cardiopulmonary function of patients with PE ([@b12-etm-0-0-4104]). Sympathetic blockade using phentolamine also prevents myocardial necrosis ([@b24-etm-0-0-4104]). Sympathetic hyperactivity is a primary characteristic of EV71-induced PE. Norepinephrine activation is thought to be the cause of sympathetic control of the heart, leading to increased contractility force and heart rate ([@b25-etm-0-0-4104]). The present observation of reductions in heart rate, CK levels and SBP following the infusion of phentolamine in patients with HFMD and PE supports this hypothesis.

Phentolamine, as a vasodilator, plays important roles in the reduction of blood pressure ([@b26-etm-0-0-4104]). It is worthy of note that the change in vascular tone associated with α-blocker treatment necessitates fluid infusion to prevent the occurrence of considerable hypotension ([@b27-etm-0-0-4104]). In the current study, the infusion rate of phentolamine was maintained at a level of 5 µg/kg/min, so that its antihypertensive effect was relatively weak and its main role was in improvement of the microcirculation. Furthermore, no severe phentolamine-related hypotension or other side effects were evident in this study. Moreover, phentolamine treatment significantly lowered the overall mortality rate relative to that of the control group. This low incidence of side events of phentolamine further indicates that this drug is a well-tolerated and safe therapy for children with HFMD plus PE.

Several shortcomings in the current trial should be noted. The relatively small sample size limited the analysis. Additionally, eligible children were recruited in a single clinical center. Finally, the effects of phentolamine on cytokine levels were not performed. PE induced by EV71 is caused by aberrant cytokine activation that generates a systemic inflammatory reaction, which results in increased pulmonary vascular permeability ([@b5-etm-0-0-4104]). Due to these limitations, a randomized trial in multiple centers with a larger sample size, and more measurement indicators is required to identify the safety and effectiveness of phentolamine in the treatment of EV71-induced PE.

In conclusion, the present randomized study provides evidence that phentolamine markedly decreases mortality, and improves the cardiopulmonary functions in children with HFMD and PE induced by EV71. These favorable findings indicate that phentolamine has potential as a therapeutic drug for treating this disease. However, dose-response as well as time-course studies for phentolamine in animal models of EV71-induced HFMD with PE are further warranted.
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###### 

Outcomes for children with severe hand, foot and mouse disease plus pulmonary edema a randomized trial evaluating the efficacy of phentolamine.

  Groups                   No.   CK-MB (U/l)   CK (U/l)      cTnl (µg/l)   HR (beats/min)   SBP (mmHg)
  ------------------------ ----- ------------- ------------- ------------- ---------------- ------------
  Phentolamine treatment   53    17.61±1.31    120.53±6.32   0.45±0.08     140.00±30.21     126±16
  Control                  52    28.12±3.98    450.75±8.56   0.95±0.05     160.22±35.34     140±20
  t                              −17.736       −20.082       −20.71        −3.079           −3.865
  P-value                          0.008         0.004       0               0.002            0.005

CK, creatine kinase; cTnI, cardiac troponin I; HR, heart rate; SBP, systolic blood pressure.

###### 

Clinical course of children with severe hand, foot and mouse disease plus pulmonary edema treated with phentolamine or standard therapy.

  Groups                   No.   Ventilator dependence (days)   Hospitalization (days)
  ------------------------ ----- ------------------------------ ------------------------
  Phentolamine treatment   53    3.41±1.72                      15.52±3.51
  Control                  52    4.95±2.16                      18.51±8.56
  t                              −3.596                         −5.462
  P-value                          0.004                          0.002
